We present a method to systematically locate and extract capacitive and inductive losses in superconducting resonators at microwave frequencies by use of mixed-material, lumped element devices. In these devices, ultra-low loss titanium nitride was progressively replaced with aluminum in the inter-digitated capacitor and meandered inductor elements. By measuring the power dependent loss at 50 mK as the Al/TiN fraction in each element is increased, we find that at low electric field, i.e. in the single photon limit, the loss is two level system in nature and is correlated with the amount of Al capacitance rather than the Al inductance. In the high electric field limit, the remaining loss is linearly related to the product of the Al area times its inductance and is likely due to quasiparticles generated by stray radiation. At elevated temperature, additional loss is correlated with the amount of Al in the inductance, with a power independent TiN-Al interface loss term that exponentially decreases as the temperature is reduced. The TiN-Al interface loss is vanishingly small at the 50 mK base temperature. * This contribution of NIST, an agency of the U
Further, even in lumped element devices typically both the capacitor and the inductor are usually formed by the same material, with limited research done on mixed-material devices with interfaces. In this work, we address these issues by studying lumped element resonators with components of mixed materials. However, we note that the lumped element approach is an approximation, depending on the exact current and voltage distributions in the resonant circuit. Therefore we distinguish between and investigate the actual capacitive and inductive losses in the specific elements as each element has contributions from both.
In a resonator the energy stored is E total , where on average the capacitive energy equals the inductive energy. The measured resonator loss, δ meas. , is the measurement of the relative energy loss ∆E/E total per cycle time and defined as
The conventional resonator characterization is done by measuring the resonator loss and frequency under power and temperature sweeps respectively. The capacitive loss, δ C , is believed to be due to the presence of two-level systems (TLSs) [10] , and is inferred from both the power dependent loss and resonance frequency temperature dependence, as reviewed in
Ref. [11] . The decreased loss at higher powers is naturally explained by TLS loss, which scales with the electric field, E, as
where E s is a saturation electric field for TLS loss [10] . In addition to TLS loss, there is also a power-independent background loss, δ P.I. , typically attributed to the inductive loss, δ L , caused, for example, by quasiparticles or radiative loss. The power independent loss typically limits the total resonator loss, causing the measured loss' electric field dependence to deviate from 1/E at high electric fields [11] .
In this paper, we present a complementary characterization method to determine the capacitive and inductive losses in resonators by use of lumped elements made up of different materials. Devices fabricated from different materials allow us to vary the T c and the different microwave loss factors of the constituent components highlighting their contributions to the loss of the different circuit elements. We tested this approach using titanium nitride and aluminum on Si. In addition to having a T c = 4.5 − 5 K, optimally grown TiN on Si is one of the lowest loss resonator materials with 3:2 µm CPWs having a low electric field, low temperature, loss factor ∼ 1 × 10 −6 , and high field loss < 1 × 10 −7 [8] . Evaporated
Al, used in qubits e.g. Refs. 12, 13, has a T c = 1.2 K. However when grown on Si, the oxide surface and intermixing at the substrate interface give rise to relatively high loss δ int > 10 −5 [17] , providing a contrast to the lower loss TiN. The lower superconducting gap in Al facilitates quasiparticle creation from elevated temperatures or infrared radiation [18, 19] . In addition to determining the capacitive and inductive loss contributions, we also probe the Al-TiN material interface, which has not been investigated in previous single layer studies. This interface pears to have a small, but non-zero contribution to the loss at elevated temperature, but negligible at the base temperature. This work highlights the feasiblity of engineered lumped element resonators made from two or more materials whose specific capacitive or inductive properties are optimally tuned to take advantage of the constituent elements.
For our devices, 100 nm thick TiN was first grown at 500
• C on an intrinsic silicon wafer [8] and patterned using optical lithography and a Cl based reactive ion etch. While fluorine etched and deeply trenched TiN resonators have one of the lowest loss factors [15] , the chlorine etch chosen in this work gave a better defined silicon interface without trenches complicating subsequent the liftoff. However, the Cl based etch does cause slightly increased internal resonator loss of δ int. ≈ 5 × 10 −6 [16] . The exposed silicon surface was then radio frequency (RF) plasma cleaned before the aluminum evaporation. The RF treatment might increase the loss in the exposed silicon and TiN regions. Finally we deposited a 100 nm thick aluminum layer with e-beam evaporation which was patterned with a lift-off process.
The Al film overlapped the TiN film forming 2 µm × 2 µm contacts which were also RF cleaned to give a clean interface. The films were patterned into frequency multiplexed lumped element resonators with varying degrees of TiN and Al participation. The internal wiring and microwave measurement lines were made from TiN for all devices. The resonators were capacitively coupled to a microwave coplanar waveguide feedline, permitting the loss extraction from transmission measurments of the S 21 parameters, and the internal loss of a specific resonator, δ int. , is given by
where δ coup. is the loss due to the capacitive coupling to the feedline. plays an important role in the loss of the entire structure. Using calculations from an electromagnetic field solver we estimate the self-capacitance of the meandered inductor as 18% of the total capacitance and the self-inductance of the IDC as about 3% of the total inductance. These calculations agree well with the measured resonance frequencies, f r , of 5.5 and 6.9 GHz, though we obtain better fits if we assume the capacitor has 4% of the inductance. The resonator impedance is around 30-35 Ω.
The devices were measured in an adiabatic demagnetization refrigerator with a base temperature of 50 mK. The aluminum sample box holding the resonator chip was magnetically shielded with outer paramagnetic and inner niobium superconducting shields. The openings for the two microwave connectors were minimized to reduce incoming stray light.
Measurements were performed with a vector network analyzer. The measurement chain was comprised of a combination of attenuators (room temperature and cold) and a low pass filter on the input line to achieve the appropriate power level and eliminate radiation at the device input port (total attenuation -100 dB). On the output side of the sample box there was a microwave isolator and high-and low-pass filters before a high electron mobility transistor amplifier at the 4 K 2nd stage, with an additional room temperature amplifier. The power stored in the resonators was calculated in terms of both electic field and microwave photon numbers in the standard manner from the attenuation and measured resonance parameters [20] . Transmitted power measurements were taken as a function of frequency, power and temperature for all resonators. We measured over almost 4 decades of electric field (thus 7 decades in photon numbers) and at low temperature, i.e. with a base temperature T of 50 mK, and a resonance frequency of 6 GHz, T < ω r /2k B and the TLSs are not thermally saturated.
The electric field dependence of δ int. at 50 mK is shown in Fig. 2 . The intrinsic loss, δ int. , is constant for low eletric fields, before starting to drop off above the critical field. The loss is highest below the critical field, i.e. in the single photon regime, referred to here as As expected, the loss curves of the hybrid Al-TiN devices fall between these two bounds.
An alternative method of determining loss due to TLSs is done with a temperature sweep.
In this method, δ TiN (T LS) is extracted at high power from the resonant frequency shift with temperature. This occurs because the off-resonant TLSs become thermally saturated.
However, this technique can only be used when there are no other temperature dependent sources of loss, e.g. quasiparticles. In particular, for Al, a superconductor with a relatively low T c , the underlying condition, T ≪ T c with resonator temperature T , does not hold.
Hence, we can only use this technique for the all-TiN resonator. From this measurement, we obtained δ TiN C ≈ 5 ± 1 × 10 −6 , in agreement with the power-dependent loss shown in Fig.   2 .
In quantum information applications, the very low electric field, i.e. single photon regime, loss is important. However, this measured loss is composed of both power dependent loss terms, e.g. TLSs, as well as any power independent loss arsing from quasiparticles etc. In order to separate these loss terms, we fit to the loss at the highest powers and subtract a constant loss such that the electric field dependence of loss matches equation (2), i.e.
proportional to 1/E [11] . We now have two loss terms, δ TLS and δ P.I. , which we then can independently investigate the source of their loss.
If the TLS loss was solely in the inductor or capacitor, we would expect to only measure a change when Al is substituted in that element. However, the circuit is not composed of completely lumped elements and there is finite capacitance in the meandered inductor amounting to 18% of the total capacitance of the circuit. When the loss is plotted vs
Al capacitive fraction in Figure 3 larger area than the meander. The relationship between the power independent loss at the lowest temperatures indicates that its source is likely due to quasiparticles generated by stray IR light emanating from the 4K stage as reported recently in all -Al devices by other groups [18, 19] . Recent measurements with better absorptive materials in the box lead to a reduction in the power-independent loss term by up to 35% for the all Al devices.
The loss in the hybrid devices can also be studied as a function of temperature. In order to separate the temperature dependent loss from any potential TLS loss, the devices were measured at very high power where the TLS loss is saturated. The measured temperature dependent losses are shown in Figure 4 (a). As the temperature is increased in all devices, the loss rises exponentially. Devices with more Al have greater loss at all temperatures.
This loss is enhanced when the Al is placed in the meandered inductor region. In Figure 4 (b), the loss at 0.5 K in both hybrid L and C devices is plotted and agrees with a linear fit to the percentage of Al's inductance in the circuit. As the temperature dependent loss is in the inductance, it is likely due to thermally activated quasiparticles in the Al.
While the loss in the hybrid C devices at any particular temperature is proportional to the amount of Al, at higher temperatures the slope of the loss does not intercept the all TiN device at zero Al percentage, i.e. there exists additional loss at the interface between the TiN and the Al. 
